Introduction
[2] About one third of the anthropogenic carbon dioxide (CO 2 ) released since the start of the Industrial Revolution in the 1800s has been taken up by the oceans . This excess CO 2 is altering the basic ocean chemistry, specifically the marine carbonate system . Carbon dioxide that dissolves in the surface water forms carbonic acid. The increased concentrations of CO 2 in the atmosphere and surface ocean have led to a decrease in ocean pH by 0.1 units over the past 200 years [Caldeira and Wickett, 2003] . Observational studies over the last two decades in the subtropical gyre in the North Atlantic have shown a decrease in pH that can be correlated to the increased dissolved inorganic carbon concentrations in the surface water [Bates, 2007] . Wickett [2003, 2005] used an ocean climate model to simulate the 21st century response of the ocean carbon system to the A1B, A2, B1, and B2 emission scenarios published by the IPCC [2000] . Their results project pH decreases by 2100 of 0.3-0.5.
[3] The most direct impact of a lower pH on the biota arises from lowered carbonate ion concentration in seawater. This affects organisms that form calcium carbonate (CaCO 3 ) shells and skeletons. Recent efforts to understand the impacts of ocean acidification on marine organisms have revealed diverse and complex responses [e.g., Fabry, 2008; Fabry et al., 2008] . Further research on the responses of individual organisms and ecosystems is needed before the effects of ocean acidification can be reliably predicted.
[4] The saturation state of seawater with respect to CaCO 3 , rather than the pH or pCO 2 , has been shown to control the impacts of ocean acidification on many marine calcifying organisms [Gattuso et al., 1998; Kleypas et al., 1999; Langdon and Atkinson, 2005; Schneider and Erez, 2006] . The CaCO 3 saturation state (W) is defined as the product of the concentrations of the carbonate ion [CO 3 2− ] and the ] to the stoichiometric solubility product primarily govern the degree of CaCO 3 saturation state [Feely et al., 2004] . The saturation state of seawater for CaCO 3 is a measure of its potential to corrode the CaCO 3 shells and skeletons of marine organisms. Without protective mechanisms, undersaturated seawater (W < 1) is corrosive to calcifying organisms [Corliss and Honjo, 1981] . Furthermore, biological impairment can occur at saturation states with W arg as high as 3.1 for some organisms such as reef building corals [Kleypas et al., 1999; Langdon and Atkinson, 2005] .
[5] The polar oceans favor lower saturation states from the lower [Ca 2+ ] concentration due to lower salinity and the higher K* sp due to lower temperature. Although ocean acidification is a global phenomenon, high-latitude surface waters are predicted to experience detrimental effects earliest, likely within decades [Orr et al., 2005] . McNeil and Matear [2007] assessed the sensitivity of the saturation state and pH to climate change feedbacks using a coupled atmosphere-ocean model. They demonstrated that climate feedbacks on future oceanic acidification levels are relatively small in most regions, with ocean acidification depending largely on the atmospheric CO 2 concentrations rather than the climate-induced oceanic changes. However, the high-latitude ocean in the Northern Hemisphere (>60°N) is the exception. According to their model, decreased sea ice extent leads to greater atmosphere-ocean exchange of CO 2 , which in turn drives an accelerated decline for both pH and saturation states. Steinacher et al. [2009] , in a separate model study, demonstrated that the largest pH changes will occur in Arctic Ocean surface waters, where aragonite undersaturation is projected within a decade due to freshening by precipitation and ice melt and by increased carbon uptake as the ice cover is reduced.
[6] The observations required to critically appraise such models are emerging. On the basis of data collected in the 1990s, Jutterström and Anderson [2005] showed that the aragonite saturation horizon is at ∼2500 m and calcite saturation horizon is at ∼4000 m in the central Arctic Ocean including Canada, Makarov, Nansen, and Amundsen basins. They noted a low degree of saturation at shelf break depths in the Canada Basin. Aragonite undersaturation in the surface water was observed in Queen Maud Gulf and Coronation Gulf, the southern part of the Canadian Arctic Archipelago, and on the Beaufort Shelf [Chierici and Fransson, 2009] , and in the Canada Basin [Yamamoto-Kawai et al., 2009] . In the Chukchi Sea and the Canada Basin, Bates et al. [2009] showed aragonite undersaturation is caused by the interaction between a seasonal phytoplankton and carbon dynamics in the subsurface waters and by sea ice melt in the surface layers.
[7] The Canadian Arctic Archipelago (CAA) and Hudson Bay are major pathways of water flow from the Arctic Ocean to the North Atlantic. Rapidly changing conditions in the Arctic, such as altered hydrological cycles, rising seawater temperature and reduction of ice cover, impact biogeochemical cycles [Arrigo et al., 2008] . Anticipated changes in saturation states in the Arctic surface waters [Steinacher et al., 2009] will propagate downstream through the CAA southward from the Labrador Shelf to the Middle Atlantic Bight. We report the current calcite and aragonite saturation states of seawater and the depths of saturation horizons based on dissolved inorganic carbon and total alkalinity measurements from the CAA and the Labrador Sea in [2003] [2004] [2005] . Transects include Smith Sound, Barrow Strait, Baffin Bay, Hudson Strait, Davis Strait, and the Labrador Sea (Figure 1 ). Underlying mechanisms for controlling observed saturation states are discussed. (Table 1) . Water sampling used a 24-bottle rosette attached to a CTD (SeaBird SB43 or SBE 911) for all transects except Barrow Strait, where Niskin bottles were deployed on a hydrowire. Samples were analyzed for dissolved inorganic carbon (DIC) and total alkalinity (TA) on board within 24 h of collection for the Labrador Sea transect. For the other transects, the samples were collected and stored in 500 mL glass bottles following the method prescribed by DOE [1994] . Stored samples were analyzed within 6 months of collection.
Materials and Methods
[9] The DIC was determined using gas extraction and a coulometric method with photometric detection [Johnson et al., 1985] . Total alkalinity (TA) was measured by open-cell potentiometric titration with a five-point method [Haraldsson et al., 1997] . Certified Reference Material (CRM) (supplied by Professor Andrew Dickson, Scripps Institution of Oceanography, San Diego, USA) was analyzed in duplicate every 20 samples to evaluate accuracy. Precision of analyses varied on different cruises. One standard deviation from the differences of duplicate CRM measurements for DIC and TA over the cruise is summarized in Table 2 .
[10] W cal and W arg as well as pH total (in situ temperature and pressure) were calculated from the DIC and TA measurements using the CO2SYS program [Lewis and Wallace, 1998 ]. The equilibrium constants (K 1 and K 2 ) of Mehrbach et al. [1973] as refit by Dickson and Millero [1987] (hereafter K 1,2 (M-DM)) were used in this calculation. Uncertainties of W cal and W arg based on propagated uncertainties from replicate DIC and TA measurements are at most 0.025 and 0.013, respectively.
[ Roy et al. [1993 Roy et al. [ , 1994 (hereafter K 1,2 (R)), Goyet and Poisson [1989] , Hansson [1973] refit by Dickson and Millero [1987] , Hansson and Mehrbach refit by Dickson and Millero [1987] , Mojica Prieto and Millero [2000] , and Millero et al. [2006] are summarized in Table 3 . Discrepancies in W arg values caused by the choice of equilibrium constants are comparable to or larger than the errors caused by the analytical precisions of DIC and TA. Chierici and Fransson [2009] chose K 1,2 (R), based on internal consistency, using a comparison between the calculated surface water fugacity of CO 2 (fCO 2 ) from measured TA and pH with measured fCO 2 . Although discrepancies in W arg values calculated using K 1,2 (M-DM) and using K 1,2 (R) decrease at lower temperature for both Barrow Strait and the Labrador Sea samples, the Barrow Strait samples showed consistently larger differences than those from the Labrador Sea (Figure 2 ). We could not identify the cause of this discrepancy, and further studies in different water masses are necessary to establish the best choice of K 1 and K 2 . Since we cannot test the internal consistency of our data, we chose K 1,2 (M-DM) to cover the range of water salinities and temperatures encountered in this study.
3. Water Masses and Circulation in the Arctic, CAA, and Labrador Sea [14] Pacific water enters the Arctic Ocean through Bering Strait and spreads above the Atlantic layer. In the Western Arctic, the polar mixed layer (PML) fills the surface 10-50 m, and the halocline layer extends underneath to around 230 m [Steele et al., 2004] . The temperature of these layers is close to the freezing point; the vertical density gradient is maintained by salinity differences. The halocline layer is further subdivided into the upper halocline layer (UHL) or the Pacific halocline layer and the lower halocline layer (LHL) or Atlantic halocline layer [Codispoti et al., 2005; Steele et al., 2004] . The UHL extends to around 150 m in the Canada Basin with salinity between 31 and 33. The salinity of the LHL ranges between 34.2 and 34.6 in Beaufort Sea [Codispoti et al., 2005] . The PML and the UHL are mixtures of Pacific water, freshwater from rivers, precipitation, sea ice meltwater, and brine water from sea ice formation; the LHL arises through mixing between the Atlantic layer and the UHL as these waters circulate around the Arctic Ocean.
[15] Each source of freshwater influences a different part of the Canada Basin water column. Sea ice meltwater is contained in the surface 30 m, while the salt brines created during sea ice formation have been observed at depths of up to 250 m [Jones et al., 2008; Yamamoto-Kawai et al., 2008] . Furthermore, river water's influence is restricted to the upper 50 m; below this depth, less saline Pacific water is the main source of the freshening of subsurface waters.
[16] The sea level difference between the Pacific and Atlantic oceans drives a flow from the Bering Strait through the Arctic into the Atlantic. Part of this flow passes through the CAA via three main channels [Melling et al., 2008; Prinsenberg et al., 2009] . From north to south, these are Nares Strait/Smith Sound (50 km wide at Smith Sound, a sill depth of 220 m), Jones Sound (30 km wide, a sill depth of 120 m), and Lancaster Sound/Barrow Strait (70 km wide at Barrow Strait, a sill depth of 125 m). A small portion of the water that flows through Barrow Strait bypasses Lancaster Sound and passes through the narrow Fury and Hecla Strait into Foxe Basin and thence to Hudson Bay and the Labrador Sea.
[17] Because of the shallow sill depths, most of the Arctic water which flows through the CAA originates from the PML and the UHL of the Canada Basin and Beaufort Sea. Only Nares Strait is deep enough to allow some passage of the LHL with its greater Atlantic water component. Since this study will examine the downstream modifications of the Arctic outflows, we will use the term "Arctic water" to identify waters with temperature of <0°C and salinity of <33.7. This definition follows the work of Tang et al. [2004] in Baffin Bay. Arctic water is mainly composed of the PML and UHL waters that have been altered by mixing with sea ice meltwater and river runoff during their passage through the CAA.
[18] The Arctic water that enters Baffin Bay through Nares Strait, Jones Sound, and Lancaster Sound is less saline and hence less dense than the interior waters of the bay. As a consequence, it forms the southward flowing Baffin Island Current (BIC) located on the continental shelf and upper slope. In the northern Labrador Sea, the BIC begins to merge with the Labrador Current. Some of its water enter Hudson Strait where it is mixed with the outflow from Hudson Bay before becoming part of the Labrador Current. This Arctic water, though modified during its southward transit by local ice formation and melting, outflow from and tidal mixing within Hudson Strait [Straneo and Saucier, 2008] , and mixing with the saltier slope waters, still retains evidence of its Arctic (and Pacific) origin .
[19] Arctic water also enters the North Atlantic as the East Greenland Current that flows southward along the eastern continental shelf and slope of Greenland. Because this water is leaving the Arctic far from Bering Strait, it exhibits weaker Pacific influence than CAA outflows with the variability of Pacific water content correlating significantly with the Arctic Oscillation index [Sutherland et al., 2009] . Furthermore, the East Greenland Current undergoes considerable modification when it reaches Cape Farewell at the southern tip of Greenland. Part of the current mixes with warm, salty Atlantic waters to form the West Greenland Current flowing northward along the west Greenland shelf. An offshore branch, located over the upper continental slope, carries the warm and salty Irminger water northward as well (Figure 1) [Yashayaev, 2007] . A portion of both branches enters Baffin Bay along the eastern side of Davis Strait and contributes to the cyclonic circulation in the bay. The waters carried by these currents can be traced to northern Baffin Bay where they are found at the mouth of Nares Strait [Tang et al., 2004] .
[20] Arctic waters occupy the upper 100-300 m in Baffin Bay except in the southeast where the warm saline surface waters of the West Greenland Current and subsurface waters of Irminger Current origin extend northward to Disko Island (69°45′N). Most of Baffin Bay from 300 to 1200 m is filled with the West Greenland Intermediate water; parts of the basin deeper than 1200 m contain Baffin Bay deep water [Tang et al., 2004] .
[21] Most of the upper 2000 m of the Labrador Sea is occupied by Labrador Sea Water (LSW), which is formed by local deep convection during winter. The LSW spreads throughout the North Atlantic at the intermediate depths and is identified by a local salinity minimum. The deeper layers of the Labrador Sea contain North East Atlantic Deep Water (NEADW) from ∼2300 to 3200 m and Denmark Strait Overflow Water (DSOW) observed as a narrow layer extending 200-300 m above the bottom at depths greater than 2500 m [Clarke and Gascard, 1983; Lazier et al., 2002; Yashayaev, 2007] .
Results and Discussion

Smith Sound and Barrow Strait
[22] Low saturation states with respect to calcite and aragonite were observed in the Smith Sound and Barrow Strait sections (Figures 3 and 4) . The minimum saturation state (W arg < 1.2) was at 200-300 m on the western side of Smith Sound, where Münchow et al. [2007] found a strong subsurface jet of Arctic outflow. The pH total of the Arctic outflow was 8.06 ± 0.04 (average ± SD) with a DIC = 2124 ± 18 mmol/kg and a TA = 2235 ± 12 mmol/kg. These values are lower than those of surrounding waters. In contrast, the surface waters (<50 m) have a higher pH total of 8.19 ± 0.08 with DIC and TA concentrations of 2008 ± 48 and 2173 ± 20 mmol/kg, respectively. It appears that biological production has consumed DIC and increased pH, thus leading to increased [CO 3
2− ] and W. Biological activity is also evidenced from the dissolved oxygen supersaturation in this layer. On the eastern side of the Sound, where Münchow et al. [2007] found the northward flowing Atlantic water, we observed a higher saturation state than the Arctic outflow. Figure 2 . Temperature dependency of W arg differences using K 1 and K 2 by Mehrbach et al. [1973] , refit by Dickson and Millero [1987] (K 1,2 (M-DM)), and Roy et al.
[1993] (K 1,2 (R)). DW arg is the difference expressed in (W arg using K 1,2 (M-DM) − W arg using K 1,2 (R)). Closed circles are for the Labrador Sea, and open triangles are for Barrow Strait. Mehrbach et al. [1973] Refit by Dickson and Millero [1987] and Others for Barrow Strait and the Labrador Sea (Average ± SD)
Roy et al.
[1993] Millero et al. [23] A combination of the outflow through Nares Strait and an extension of the West Greenland Current flow southward along the Ellesmere Island shelf and enters the northern side of Barrow Strait. The Arctic outflow is concentrated on the southern side of Barrow Strait [Prinsenberg et al., 2009] . This is consistent with the values of W arg < 1 at 150 m at the southernmost station and at the bottom at the adjacent station (Figure 4) . Although there are only two samples with W arg < 1 and the strait was sparsely sampled, the same feature was seen in 2005 (data not shown). DIC and TA concentrations in the Arctic outflow are 2137 ± 41 and 2232 ± 26 mmol/kg with pH total = 8.02 ± 0.07. In surface waters, nitrate concentrations were below the detection limit, indicative of high biological production. The DIC and TA decreased to 1925 ± 46 and 2107 ± 67 mmol·kg −1 , respectively, while pH total increased to 8.28 ± 0.07 in this surface layer. The overall distribution reflects the similar circulation pattern within both straits, namely Arctic water with low saturation states (W arg < 1.2) flows southward in Smith Sound and eastward in Barrow Strait with the shore on the right, while water with a North Atlantic component and a higher saturation state flows in the opposite direction, again with the coast on its right.
[24] Saturation states were lower in Barrow Strait than in Smith Sound. For Arctic water, W arg in Barrow Strait was 1.18 ± 0.17, whereas in Smith Sound, it was 1.31 ± 0.14. Samples with nitrate concentration less than our detection limit (Barrow Strait) or AOU < 0 (Smith Sound) were removed from these calculations in order to eliminate samples whose W arg have been impacted by CO 2 uptake by biological activity. A higher DIC to TA ratio in Barrow Strait causes lower pH and [CO 3
2− ] and resulted in lower W arg . DIC and TA in Arctic outflow will be discussed in detail in section 4.5. 
Baffin Bay
[25] In Baffin Bay, the calcite saturation horizon (W cal = 1) was found at depths of 1000-1500 m, which corresponds to pH total = 7.75. The aragonite saturation horizon (W arg = 1) was at depths of 200-500 m, which corresponds to pH total = 7.91 ( Figure 5 ). The saturation horizon deepens toward both the east and the north. On the Baffin Island Shelf, W arg was less than 1.2 for depths >50 m. W arg values were higher on the West Greenland Shelf than those on the Baffin Island Shelf at corresponding depths. The only undersaturated sample (W arg < 1.0) on the West Greenland Shelf side was obtained near the bottom at 440 m. The gradient of saturation state reflects the cyclonic circulation in the bay with the addition of Arctic outflow with low saturation states at Smith, Jones, and Lancaster Sounds.
[26] While much of the Arctic water flowing through the CAA are contained on the shelves, its signature is also seen over the upper continental slope 170 km offshore of Baffin Island to depths of 500 m. This water with salinities from 32 to 33.7 and temperatures of <0°C has the same temperatures and salinities as the water identified as Arctic outflow in Barrow Strait. The W cal and W arg of this Arctic outflow are 1.76 ± 0.20 and W arg = 1.10 ± 0.13. Its DIC and TA characteristics are, however, slightly different from those in Barrow Strait. DIC concentrations (2152 ± 12 mmol/kg) are higher than those in Barrow Strait, while TA concentrations are similar (2237 ± 16 mmol/kg). The DIC increase is due to respiration of organic matter in subsurface depths as indicated by high fCO 2 (425 ± 44 matm). As a result its pH total at 7.99 ± 0.05 is slightly lower in the Arctic outflow in Baffin Bay compared to those in Barrow Strait and Smith Sound.
[27] The low saturation states in the deep Baffin Bay are caused by the limited exchange of deep water in this enclosed basin. In the north, the narrow, shallow channels in the CAA limit Arctic outflows to depths less than 300 m. In the southern Baffin Bay, a 640 m deep sill at Davis Strait limits the exchange of water with the Labrador Sea. As a result, this deeper water has a long ventilation age [Top et al., 1980] that has lead to high DIC concentrations through respiration of organic matter. The low oxygen saturation level of ∼37% observed in these waters is further evidence of this ongoing process. The average DIC and TA concentrations from 1000 m to the bottom in Baffin Bay are 2256 and 2292 mmol/kg, while those of corresponding depths in the Labrador Sea south of the sill are 2156 and 2295 mmol/kg, respectively. The accumulation of metabolic CO 2 in the deep Baffin Bay has decreased pH total (7.71 ± 0.09) and [CO 3 2− ] and thus resulted in a low saturation state.
Davis Strait and Hudson Strait
[28] The Davis Strait section is located north of the sill separating Baffin Bay from the Labrador Sea. Therefore, it is not surprising that it shows a similar pattern in saturation states as seen in Baffin Bay. While the westernmost station on this section (Figure 6 ) is at a depth of 400 m, it is also only a few kilometers from the shore. With virtually no shelf, the Baffin Island Current (BIC) is found over the upper continental slope. The aragonite saturation horizon shallows to <200 m on the Baffin Island side and deepens to 500 m in the center and eastern end of the strait. The water at this saturation horizon has a pH total = 7.92, similar to that observed in Baffin Bay. Values of W cal ≤ 1 were observed in a limited area on the western side of Davis Strait at depths of about 400 m. As in Baffin Bay, low saturation states were associated with the Arctic outflow in the upper 300 m on the western side, extending to ∼50 km offshore. The DIC and TA concentrations and pH total of the Arctic outflow were 2152 ± 12, 2237 ± 18, and 7.98 ± 0.04 mmol/kg, respectively, very similar to those in Baffin Bay.
[29] Higher saturation states with W cal > 2.4 and W arg > 1.6 were observed over the wide West Greenland Shelf with pH total >8.03. The DIC and TA concentrations were 2076 ± 43 and 2238 ± 38 mmol/kg. The sharp gradient in saturation states over the upper continental slope separates the northward flowing shelf-slope waters entering Baffin Bay from the southward flowing waters from the bay.
[30] The hydrography and currents in the Hudson Strait have been studied by Straneo and Saucier [2008] . Our samples were collected on their 2005 section across the strait. According to their analysis, some of the BIC waters enter the mouth of the strait and flow toward Hudson Bay along the northern side. The mouth of the strait is an area of intense tidal mixing so that these westward flowing waters become well mixed and weakly stratified. River runoff of about 900 km 3 /yr augmented by sea ice meltwater leads to a stratified Hudson Bay outflow with surface salinities of <31. This outflow is concentrated on the southern side of the strait in the upper 100 m [Straneo and Saucier, 2008] . The flows below 250 m are much weaker than those in the upper layers, but they generally follow the same pattern of westward flow in the north and eastward flow in the south.
[31] Our observations are consistent with this circulation pattern. The saturation values are relatively high and uniform on the northern side of the section (W arg = 1.44 ± 0.11) (Figure 7) . The BIC at Davis Strait has high saturation values in the surface layer due to photosynthesis, evidenced by low nutrients and high oxygen concentrations, and low saturation values below 50 m. Nevertheless, mixing of the water column at the mouth of Hudson Strait raises the saturation state and results in the higher observed saturation values in the northern part of the section.
[32] In the southern part, the vertical distribution of W in the upper 150 m reflects the stratification in the Hudson Bay outflow. The W arg of this surface outflow is 1.39 ± 0.10 and is the result of low DIC (2088 ± 34 mmol/kg) and TA (2209 ± 26 mmol/kg) concentrations and a low pH total (8.08 ± 0.02), relative to the BIC inflow. The low salinity (32.02 ± 0.73) of this layer is further evidence that the observed decrease in W in the Hudson Strait outflow is caused by the freshwater dilution due to sea ice meltwater and river runoff.
[33] Low saturation states were also observed below 200 m (W arg = 0.94 ± 0.16) in the southern part of the channel; these may be the result of the long residence time of these deep waters [Drinkwater, 1988] , which has resulted in accumulation of DIC by organic matter respiration. The DIC and TA concentrations were 2169 ± 14 and 2236 ± 11 mmol/kg with a high fCO 2 of 540 matm. This deep layer slowly flows into the Labrador Sea [Straneo and Saucier, 2008] . The aragonite saturation horizon in the southern part of the section is at ∼200 m (Figure 7 ).
The Labrador Sea
[34] The aragonite saturation horizon (with pH total = 7.97) lies around 2300 m with no clear east-west gradient; W cal decreases to <1.2 near the bottom (Figure 8 ). This pattern of saturation states reflects the distribution of water masses in the interior of the Labrador Sea. The aragonite saturation horizon corresponds to the boundary between LSW and North East Atlantic Deep Water (NEADW).
[35] The NEADW, defined by the s 2 density surface between 36.965 and 37.040 and extending from 2300 to 3000 m, is formed through deep convection in the Nordic Seas. The water mass is modified greatly through mixing, as it descends to its spreading depth and eventually enters the Labrador Sea at core depths of 2500-3000 m [Yashayaev, 2007; Azetsu-Scott et al., 2003] . The DIC and TA concentrations for NEADW are 2156 ± 2 and 2300 ± 7 mmol/ kg. The bottom layer contains Denmark Strait Overflow Water (DSOW) that also arises through convection in the Nordic Seas. It enters the North Atlantic through the Denmark Strait and undergoes significant mixing with waters that are fresher, colder, and denser than those mixed into NEADW. The DIC and TA concentrations for DSOW are 2158 ± 3 and 2295 ± 5 mmol/kg. NEADW is the oldest water mass in the Labrador Sea with a ventilation age of 11-13 years, while DSOW has an age of 5-8 years [AzetsuScott et al., 2005] .
[36] The upper 2300 m consists of LSW, formed in the Labrador Sea through deep convection during winters. Each winter's convection mixes the surface layers of the Labrador Sea down to variable depths, injecting anthropogenic carbon directly into the intermediate layers. The late spring/early summer annual occupation of this section by Bedford Institute of Oceanography allows the depth of the annual convection to be determined. The annual convection produces a water mass with a characteristic temperature, salinity and depth and is identified by adding the year of formation as a subscript to LSW.
[37] Convection during the winter of 2003 extended to about 500 m. This is reflected in the fairly uniform saturation values over the upper 500 m with DIC and TA concentrations of 2157 ± 3 and 2295 ± 4 mmol/kg. The rest of the LSW layer is made up of the products of the two extreme convection events of the past two decades, LSW 1994 and LSW 2000 [Yashayaev, 2007] . LSW 2000 , defined by the density surfaces 36.85 < s 2 < 36.88, extended from 500 to about 1500 m; LSW 1994 , defined by the density surfaces 36.92 < s 2 < 36.95, was found from 1800 to 2300 m in 2003. These waters have been isolated from the atmosphere since the time of formation. DIC and TA concentrations are 2154 ± 2 and 2292 ± 6 for LSW 2000 and 2156 ± 2 and 2294 ± 5 for LSW 1994 . LSW 1994 and LSW 2000 will gradually decrease their saturation levels as they accumulate DIC due to organic matter respiration. Nevertheless, a series of cold winters could replace these water masses with the newly ventilated LSW containing high concentrations of anthropogenic CO 2 . Consequently, the saturation horizon in the Labrador Sea will not shallow gradually, but it will be controlled by intermittent deeper convections, such as those observed in early 1990s, 2000, and 2008 [Våge et al., 2009, Yashayaev and Loder, 2009] .
[38] Over the Labrador Shelf (<200 m deep, <200 km from shore), the depth averaged W cal , W arg , and pH total for the Arctic outflow are 2.16 ± 0.164, 1.36 ± 0.10, and 8.08 ± 0.04, respectively; for the West Greenland Shelf (<100 km from Greenland shore, deeper than 50 m), these values are 2.79 ± 0.14, 1.76 ± 0.09, and 8.08 ± 0.04. The Labrador Current, in part an extension of the BIC, is modified by the outflow from Hudson Strait, by local freshwater input, and by mixing with slope waters. As a result, W arg > 1 throughout the Labrador Current, but the carbonate saturation state is still lower in the Labrador Current than the West Greenland Current.
Arctic Water Outflow
[39] The changes in the aragonite saturation state over the upper 200 m as these waters pass through the CAA, Baffin Bay and into the Labrador Sea can be examined by plotting W arg levels in temperature and salinity space (Figure 9a) . Arctic water samples, defined as T < 0°C and S < 33.7 are contained within the red ellipses. This Arctic water is also characterized by a low saturation state, W cal < 1.8 and W arg < 1.2 when the samples showing the biological uptake of CO 2 are excluded. This Arctic water is seen in both the Barrow Strait and Smith Sound sections and can be traced along the western side of Baffin Bay and Davis Strait without much modification.
[40] The bottom topography along the western margin of Davis Strait causes Arctic water to extend farther eastward over deeper water and increases the potential for mixing with Irminger and West Greenland Current waters [Tang et al., 2004; Cuny et al., 2005] . The BIC waters are subject to enhanced tidal mixing at the southern end of Baffin Island and in Hudson Strait. This mixing has elevated the saturation state of the westward flowing waters at Hudson Strait to W arg > 1.4 (northern stations; Figures 7 and 9b) . The Hudson Strait outflow increases the saturation state of the southward flowing Arctic water over the Labrador Shelf (Figure 9b ).
However, this water can still be traced on the Labrador Shelf by its lower saturation state than waters in the central Labrador Sea and West Greenland Shelf (Figure 9a) .
[41] The water in the West Greenland Current also has an Arctic origin. The fact that the Arctic outflows through the CAA have lower W than those found in the West Greenland Current is attributed primarily to a more pronounced influence of Pacific source waters in the former. Salinity and TA concentrations of the surface North Pacific are lower than those observed in the North Atlantic (Figure 10a ). Table 4 shows that W arg calculated from North Pacific data (the Bering Sea) is 1.24 ± 0.15 and pH total is 7.96 ± 0.05, whereas W arg is 1.66 ± 0.08 and pH total is 8.13 ± 0.04 in the eastern Fram Strait and W arg = 1.91 ± 0.10 and pH total is 8.11 ± 0.04 in the Barents Sea. The surface 50 m data were not included in these calculations to avoid seasonal biological influences. Chierici and Fransson [2009] reported W arg ranging from 1.2 to 2.4 in shallow Bering Strait (<50 m). This relatively high W range represents the inflow of Pacific water to the Arctic during the short, intensive biological Figure 10a also includes a cluster of observations with low DIC and TA values in Barrow Strait and on the Labrador and West Greenland shelves. These samples have been subject to dilution by freshwater including sea ice meltwater, river runoff, glacial meltwater, and precipitation; this dilution has erased the evidence of their oceanic source, at least with regard to their DIC and TA concentrations.
[43] Freshwater inputs reduce the saturation state of the Pacific water as it flows through the Canada Basin and to the CAA. Figure 10b was constructed by using DIC and TA concentrations of 1800 mmol/kg and calcium concentration of 0.90 mmol/kg for the North American river runoff and DIC and TA concentrations of 800 mmol/kg and calcium concentration of 0.50 mmol/kg for the Siberian rivers [Telang et al., 1991; Cooper et al., 2008] . DIC and TA concentrations are assumed to be equal, since bicarbonate is the dominant carbonate species in the runoff . The end member values for sea ice meltwater are 300 mmol/ kg for DIC and TA [Anderson and Jones, 1985; Bates et al., 2009; Yamamoto-Kawai et al., 2009] and 0.03 mmol/kg for Ca 2+ [Anderson and Jones, 1985] . For the seawater end member, surface (<100 m) water values from Bering Sea [Winn and Millero, 1993] (DIC = 2129 mmol/kg, TA = 2227 mmol/kg, Ca 2+ = 9.69 mmol/kg) were used. Since K* sp is valid for the salinity range of 5-44 [Mucci, 1983] , freshwater fractions higher than 83% are not included. Decreases of W arg are greatest when seawater is mixed with sea ice meltwater and least for dilution with the North American river runoff that carry higher DIC, TA, and Ca 2+ concentrations (Figure 10b ). Where the river runoff fraction is higher, the Ca 2+ carried by rivers needs to be considered for an accurate estimate of W. Because of rapid changes in hydrological cycles in recent years, freshwater composition and W need to be investigated concurrently to better understand the future changes of ocean acidification in polar region.
[44] Pacific water entering the Canada Basin through Bering Strait is largely found in the Beaufort gyre. As a result, the Arctic outflow through the CAA contains a high Pacific water component. In an earlier study, Jones et al. [2003] reported that the saline end-member in the CAA is entirely of Pacific water origin. In contrast, the Pacific water component in East Greenland Current decreases rapidly from >80% in Fram Strait [Taylor et al., 2003 ] to 15%-30% at the central part of East Greenland Shelf and to being negligible at Cape Farewell [Sutherland et al., 2009] . The higher content of Pacific water in the Arctic outflow through the CAA explains its observed lower saturation state compared to the West Greenland Current, which is mainly Atlantic water.
[45] The higher Pacific water component in the Arctic outflow through Barrow Strait likely contributes to its lower saturation states compared to those observed in Smith Sound. Using the observed total inorganic nitrogen (TIN) to phosphate concentration ratio, Münchow et al. [2007] estimated that 25%-50% of Arctic outflow in Smith Sound in summer was of Pacific origin. Since we do not have TIN measurements in Barrow Strait, a direct comparison of Pacific water component in Arctic outflow through Barrow Strait and Smith Sound is difficult. Nevertheless, the shallower depths in Barrow Strait and a higher sill (100 m) [Anderson, 2007] and via the Barents Sea (red diamonds) [Bellerby and Smethie, 2007] , and Pacific source waters from Bering Sea (blue squares) [Winn and Millero, 1993] [DOE, 1994] , which is used in CO2SYS program. between where we collected samples in Barrow Strait and the Arctic would likely impede the flow of the denser Atlantic waters from the Arctic. It is likely that the lower saturation states observed in Barrow Strait are a consequence of a higher component of Pacific water. The DIC and TA concentrations indicate that the samples in Barrow Strait have Pacific water characteristics, and their extended range to both lower and higher DIC concentrations are evidence of strong influences of both freshwater dilution and brine rejection (Figure 10a ).
Summary
[46] At the northern end of the study area, the average W arg and pH total in the Arctic outflow were 1.18 ± 0.17 and 8.02 ± 0.07 in Barrow Strait and 1.31 ± 0.14 and 8.06 ± 0.04 in Smith Sound, and these observations include several samples with W arg < 1. This level of saturation state is a great concern for organisms such as Arctic pelagic mollusc [Comeau et al., 2009] , which is an important component of marine food webs in high-latitude oceans. The advective pathway of Arctic outflow with low saturation state waters can be traced along western Baffin Bay and Davis Strait. While the outflow through Hudson Strait and local mixing in the northern Labrador Sea modifies this low W Arctic outflow, low saturation states can still be identified over the Labrador Shelf, at least as far south as Hamilton Bank. The low saturation state of the Arctic outflow through the CAA arises from their high content of Pacific source waters, which enter the Arctic with lower saturation states. The saturation state of this Pacific water is further decreased through the addition of sea ice meltwater and fluvial input as well as respiration of organic matter in the Arctic Ocean. The Arctic outflow appears as a low saturation state water as it enters the North Atlantic.
[47] The aragonite saturation horizons deepen from 150 m in Barrow Strait to 2300 m in the Labrador Sea. In the northern sections, strength and depth of the Arctic outflow as well as the sill depths within the different passages of the CAA control the depths of these saturation horizons. The position of the saturation horizon in the Labrador Sea is controlled by the depths of local deep convection, ventilation ages, and advective time scales of the intermediate and deepwater masses of the North Atlantic.
[48] This study provides baseline data for the saturation states of key areas in the CAA and the northwest Atlantic as well as an analysis of downstream evolution of the saturation state of the Arctic outflows through the CAA. Since the shelf regions bathed by the Arctic Ocean outflows are both biologically active and support important commercial fisheries, continued monitoring of the changes in these chemical states and investigations of biological responses to ocean acidification in this area are urgently needed. 
